We report on the first near-infrared observations obtained for Rotating RAdio Transients (RRATs). Using adaptive optics devices mounted on the ESO Very Large Telescope (VLT), we observed two objects of this class: RRAT J1819-1458 and RRAT J1317-5759 . These observations have been performed in 2006 and 2008, in the J, H and K s bands. We found no candidate infrared counterpart to RRAT J1317-5759 down to a limiting magnitude of K s ∼ 21. On the other hand, we found a possible candidate counterpart for RRAT J1819-1458 having a magnitude of K s = 20.96±0.10. In particular, this is the only source within a 1σ error circle around the source's accurate X-ray position, although given the crowded field we cannot exclude that this is due to a chance coincidence. The infrared flux of the putative counterpart to the highly magnetic RRAT J1819-1458 is higher than expected from a normal radio pulsar, but consistent with that seen from magnetars. We also searched for the near-infrared counterpart to the X-ray diffuse emission recently discovered around RRAT J1819-1458 , but we did not detect this component in the near-infrared band. We discuss the luminosity of the putative counterpart to RRAT J1819-1458 in comparison with the near-infrared emission of all isolated neutron stars detected to date in this band (5 pulsars and 7 magnetars).
INTRODUCTION
Rotating RAdio Transients (RRATs) are a recently discovered class of neutron stars (McLaughlin et al. 2006 Keane et al. 2010 ) characterized by dispersed radio bursts with flux densities (at a wavelength of 20 cm) ranging from ∼100 mJy to 4 Jy, durations from 2 and 30 ms, and average intervals between repetition from 4 minutes to 3 hours. Periodicities have been inferred through the study of arrival times of these bursts, ranging between 0.1-7 s. The timing solutions derived from the radio bursts, i.e. their periods and period derivatives, indicate that they are neutron stars (McLaughlin et al. 2006 The detection of such sources is rather difficult, mainly due to the very tiny duty cycle of their radio bursts (0.1-1 s of radio emission per day). Detailed population studies show that there may be more RRATs than canonical rotational powered radio pulsars in our Galaxy (McLaughlin et al. 2006 (McLaughlin et al. , 2009 Keane & Kramer 2008) .
Determining the nature of the emission from these objects and how many RRATs are present in our Galaxy is of paramount importance for pulsar emission theories, as well as for neutron star population studies. Up to now many hypotheses on the nature of these objects have been put forward, based on the comparison with the radio pulsar class: e.g. that the RRATs may be neutron stars near the radio "death line" (Zhang et al. 2006) , or that the sporadicity of the RRATs is due to the presence of a circumstellar as- teroid belt (Cordes & Shannon 2008; Li 2006) or a radiation belt such as seen in planetary magnetospheres (Luo & Melrose 2007) . Note that, even though they are all characterized by a similar radio bursting activity, RRATs might be an inhomogeneous group of sources, comprising neutron stars belonging to different classes. Interesting possibilities are the connection with i) the transient magnetars, given the recent radio detection during their outbursts (Camilo et al. 2006 (Camilo et al. , 2007 ; ii) with the X-ray Dim Isolated Neutron Stars (XDINSs; Haberl 2007; van Kerkwijk & Kaplan 2007; Popov 2006) , given the thermal X-ray emission discovered for RRAT J1819-1458 , being so far the most magnetic RRAT McLaughlin et al. 2007) ; and iii) with the radio pulsars showing thermal X-ray emission, such as PSR B0656+14, which has been argued to be a close RRAT (Weltevrede et al. 2006) . Optical and infrared counterparts have been identified so far only for ten rotational powered radio pulsars (V∼ 26; see Mignani et al. 2009 for a recent review), four XDINSs (V∼ 25; van Kerkwijk & Kaplan 2007) , and seven magnetars (Ks ∼20; Israel et al. 2004; Testa et al. 2008; Mereghetti 2008) . Despite being all isolated neutron stars, their optical and infrared emission has distinctive properties depending on the source class. Very little is known about a possible optical or infrared component in the emission of RRATs, beside the non-detection of optical bursting emission (Dhillon et al. 2006) . The detection and characterization of the nature of the putative infrared emission of RRATs is a crucial help to assess their relation with any of the aforementioned neutron star classes.
We report in this paper on the first infrared observations of RRATs, in particular we study two sources of this class having a relatively good positional accuracy: RRAT J1819-1458 and RRAT J1317-5759
1 . The paper is structured as follows: in § 2 we report on the observations and data analysis, in § 3 we show the results of our infrared study, and discussion follows ( § 4).
OBSERVATIONS, CALIBRATIONS AND ANALYSIS
Observations have been obtained during years 2006 and 2008, with the ESO VLT-UT4 Yepun, equipped with the adaptive optics near-infrared camera NACO (NAOS/CONICA) in three filters: J (λ = 12650Å, FWHM = 2500Å), H (λ = 16600Å, FWHM= 3300Å), and Ks (λ = 21800Å, FWHM = 3500Å). In some cases the objects have been observed in more than one epoch, as summarized in the Tab. 1. All the observations have been performed with airmass between 1.0-1.3, a seeing <1. ′′ 5, and using natural guide stars for the adaptive optic system. The data were reduced using the standard strategies for near-infrared data reduction. Flat fielding was done via internal lamp flats. Sky emission has been computed using IRAF 2 on the dithered images and then subtracted on each image before de-jittering. We used the eclipse 3 package to co-add the images. Every pointing is the co-addition of three images of 40s -60s each, depending on the filter. This coaddition is performed by the computer on board the instrument, and we obtain only one image per dithering position. Fig. 1 and Fig. 2 show finding charts in the Ks band for the two studied RRATs, with the source positions highlighted.
We first reduced the images with the IRAF version of daophot, using the PSF fitting algorithm. Aperture photometry was also performed using an aperture diameter twice the measured FWHM. Aperture and PSF photometries have been compared by applying aperture corrections using the Table 2 . Magnitudes of the sources close to RRAT J1819-1458 (see also Fig. 1 ). RA and Dec refer to J2000. * Possible extended source.
IRAF daogrow algorithm, which calculates the aperture correction extrapolating to an aperture at infinity. Furthermore, due to the crowding of the fields, we checked the photometry via a deconvolution code: DECPHOT (Gillon et al. 2006 Magain et al. 2007 ), based on the "MCS" algorithm (Magain, Courbin & Sohy 1998) . The basic idea of the MCS code, is that of "partial" deconvolution: the data are deconvolved to a higher resolution, but at a level that the Nyquist criterium for a correct sampling was satisfied. This resulted in excellent photometric and astrometric accuracy. At variance with the standard MCS method, the code by Gillon et al. (2006 Gillon et al. ( , 2007 is faster, determines the PSF "on the fly" and fits the sky background. We report hereafter the photometry delivered by this code, which was compatible, for the most isolated objects, with the photometry from the imexam task of IRAF and with daophot.
Calibrations have been performed using photometric standard stars observed within 4 hours from our target. The calibrated catalogs were then matched for each filter, and compared to verify the self-consistency of the calibrations. Small differences in the calibrations have been found between the J, H, and Ks images in different epochs, in this case the best quality epoch has been chosen as reference and the magnitudes of the other epoch reported to it, for each source respectively.
Further check with the 2MASS catalog has been performed but unfortunately the 2MASS objects present on the images were saturated or at the saturation limit and thus the zero point check with the 2MASS was not constructive. Furthermore, the 2MASS catalog was built from images with a 2 ′′ pixel size, and in many cases the measured magnitudes correspond to blended objects which are, instead, resolved in our higher resolution images. The calibrated catalogs for the single filters were then matched to produce a final master catalog.
In all cases, astrometric calibration was performed using 2MASS stars as reference, yielding an average uncertainty of ∼ 0. ′′ 33 (1σ confidence level), after accounting for the intrinsic astrometric accuracy of 2MASS and the r.m.s. of the astrometric fits.
RESULTS

RRAT J1819-1458
This is the most prolific radio burster among the RRAT class, with a magnetar-like dipolar magnetic field at surface of B ∼ 5 × 10
13 Gauss, and a spin period of ∼4.26 s (McLaughlin et al. 2006; Lyne et al. 2009 ). It is so far the only member of the class for which X-ray emission has been discovered McLaughlin et al. 2007) , with a luminosity of LX = 4 × 10 33 erg s −1 (assuming a distance of 3.6 kpc). Diffuse X-ray emission has been recently reported for RRAT J1819-1458 with a luminosity of ∼ 10 32 erg s −1 and extending until ∼13 ′′ from the source (Rea et al. 2009a ). Furthermore, the RRAT error circle has been recently refined performing a bore-site correction of a new Chandra observation which were tied to the 2MASS field using a field star present in both the X-ray and infrared images. This resulted in an accurate position of RA 18:19:34.173, Dec -14:58:03.57 (J2000) with a 1σ error of ∼0.
′′ 3 (Rea et al. 2009a ).
We took observations in the three standard nearinfrared bands (J, H and Ks), and in two epochs per filter (see Tab. 1). These resulted in the identification of a possible candidate near-infrared counterpart to RRAT J1819-1458 , the only source within the 1σ X-ray positional error circle (our source A; see Fig. 1 and Tab. 2; note that we took into account the astrometric error reported in §2, inferring a final 1σ error circle of 0.
′′ 45). Although a few other sources lies close to RRAT J1819-1458 , in particular if we enlarge the X-ray positional error circle to e.g. 90%, they are all rather bright objects, not compatible with the expected magnitudes from an isolated neutron star of any kind.
Within the limiting magnitude of our deepest exposure, Ks = 21.4 (see Tab. 1), we significantly detected 380 sources within the calibrated NACO field of 25 ′′ ×22 ′′ , which means an average of 1 source on an area of 1.
′′ 45 2 . Given such a crowded region we cannot exclude that the identification of source A as a possible counterpart through its proximity to RRAT J1819-1458 's X-ray position might be due to a chance coincidence, the probability of which is ∼43%. However, as a further selection criteria, assuming that an isolated neutron star at 3.6 kpc is not expected to have a magnitude <19 (which is the brightest K magnitude observed in an isolated neutron star, namely for SGR 0501+4561 and SGR 1806-20; Levan et al. 2010 in prep.; Israel et al. 2005) , we are then left with 115 sources in the field responding to such selection, hence the probability of having in coincidence with the X-ray position a source with a magnitude expected for a possible counterpart is ∼14%.
The source is very faint and not visible in H and J bands within our limiting magnitudes (see Tab. 2). We detect the source only in our deepest Krms image on June 2006, however no variability can be claimed since the following epoch was not deep enough to detect such a faint source. We did not find any J, H and Ks variability for the objects close to our target, both investigating different frames of a single observation, and comparing the several epochs. In Fig. 3 we show the color-magnitude and colorcolor diagrams for all sources in the field of RRAT J1819-1458 . We did not find any source with peculiar colors. We over-plot the limits we have for our candidate counterpart (source A), which unfortunately was detected only in the Ks band, hence we have only limits on its colors, namely J-Ks >1.94 and H-Ks >1.44 . If source A is indeed the counterpart to RRAT J1819-1458 , then its Ks luminosity would be LNIR = 1.62 × 10 30 erg s −1 (assuming a 3.6 kpc distance; see also Tab. 3), while if it is not, the 3σ upper limit we derived corresponds to LNIR < 1.51 × 10 30 erg s −1 . Furthermore, we searched for the possible near-infrared counterpart to the X-ray diffuse emission discovered around RRAT J1819-1458 , removing all the sources in the field on the basis of their fitted PSF. We did not find any extended emission down to a limiting Ks surface brightness of > 18.5 mag/arcsec 2 (at a 3σ confidence level).
RRAT J1317-5759
With a period of ∼2.64 s and a magnetic field of ∼ 5 × 10 12 Gauss, this RRAT has timing properties similar to many canonical radio pulsars (McLaughlin et al. 2006 . The source position has been refined through radio timing analysis of the bursts: RA 13:17:46.26, Dec -57:59:30.32 (J2000) with a 1σ error of 0.
′′ 57 ). X-ray observations resulted in a luminosity upper limit on its X-ray counterpart of LX < 7.5 × 10 32 erg s
(assuming a distance of 3.2 kpc; Rea & McLaughlin 2008) . We observed this object using three infrared bands (J, H, Ks). No infrared counterpart has been detected, with limiting magnitudes reported in Tab. 1, and a 3σ upper limit on the Ks luminosity of LNIR < 1.3 × 10 30 erg s −1 . We show in Fig. 2 the Ks finding chart around RRAT J1317-5759 's radio timing position.
DISCUSSION
Optical counterparts have been identified so far only for ten rotational powered radio pulsars, and only five of them were observed in the infrared band (see Mignani et al. 2009 for a recent review). The radio pulsars' infrared/optical emission depends mainly on the pulsar age: young objects show pure magnetospheric emission, middle-aged ones appear to have composite spectra with an additional thermal component most probably arising from the cooling neutron star surface, while for older objects there is more confusion, but on average there is evidence for a dominant magnetospheric component (Mignani et al. 2001; Zharikov et al. 2004 ).
The situation is more favorable in the case of XDINS. Four XDINSs have secure optical identifications (V∼ 25; van Kerkwijk & Kaplan 2007) , with a thermal optical emission which exceeds by a factor of ∼ 10 the extrapolation of their blackbody-like soft X-ray spectrum. This suggests that the thermal component responsible for the optical emission arises from a cooler and larger area, with respect to their thermal X-ray emission. None of them have been detected in the infrared band yet ).
The neutron star infrared zoo, has been joined some years ago by the magnetars. In particular, observations from large telescopes such as i.e. ESO, Gemini, CFHT, and Keck, led to the discovery of faint (Ks ∼20) and, in some cases variable, infrared counterparts for many magnetars (see Tab. 3 for a complete list, and also Israel et al. 2004; Testa et al. 2008; Mereghetti 2008) . It is not yet clear whether infrared emission in magnetars arise from reprocessed X-ray emission via a fossil disk around the neutron star (Chatterjee et al. 2000; Perna et al. 2000) , or of magnetospheric origin (Beloborodov & Thompson 2007), but it is certainly true that with respect to normal radio pulsars, their infrared emission is much more efficient (see also below and Fig. 4) . Other crucial peculiarities of magnetars' infrared emission are their strange infrared colors, usually very red with respect to their field stars (see e.g. Israel et al. 2004 ).
We report in this paper on the first infrared observations of RRATs, performed using the NACO camera on the ESO-VLT (see §2). We found that among the two studied RRATs, RRAT J1819-1458 and RRAT J1317-5759 , only the former has a candidate infrared counterpart (see Fig. 1 ) within our limiting magnitudes (see Tab. 1). Unfortunately, we could detect the possible counterpart only in one Ks pointing (the deepest we had), with a magnitude of Ks = 20.96 ± 0.10, hence we have no handle on the colors of this source because our J and H observations were not deep enough (see Fig. 3 Figure 4 . Squares, circles and the star indicate rotation-powered pulsars, magnetars, and RRAT J1819-1458 , respectively, while the arrow shows RRAT J1317-5759 's upper limit (see also Tab. 3). Top panels: infrared and X-ray luminosities as a function of the rotational luminosity (solid lines represent L NIR =Lrot and L X =Lrot, respectively). Bottom panels: on the left we report on the infrared and rotational luminosity ratio (L NIR /Lrot) versus the pulsar magnetic field, while on the right-side we show the X-ray versus the infrared luminosities. The solid line here represents the fit to the data (see text for details). For all the objects L NIR and L X have been computed in the Ks and 1-10 keV bands, respectively. Errors on the source distances are not taken into account in the luminosity uncertainties.
this is why we consider it as a candidate counterpart which needs to be confirmed with further data. With a magnitude of Ks = 20.4 (after correcting for the extinction in the Ks-band derived from the X-ray absorption value NH ∼ 9 × 10 21 cm 2 ; Predehl & Smith 1995; Cardelli, Clayton & Mathis 1989), our candidate source A has a Ks flux density of FK s ∼ 4.6 × 10 −29 erg s −1 cm −2 Hz −1 . If confirmed, this relatively bright infrared emission strengthens the connection of RRAT J1819-1458 with the magnetar class. In particular, the intensity of its candidate counterpart would place it well among the magnetar luminosities compared with those of normal pulsars. As for the magnetars, the luminosity of this possible counterpart, lies above the extrapolation of the blackbody modelling its X-ray emission (McLaughlin et al. 2007 ). In Tab. 3 and Fig. 4 we computed the near-infrared luminosities (LNIR) in the Ks band of all isolated neutron stars detected at such wavelength (namely 5 radio pulsars and 7 magnetars). Furthermore, we calculated their X-ray luminosities in the 1-10 keV band 4 taking 4 We used for all magnetars the fluxes resulting from a spectral fit with a resonant cyclotron scattering model or two blackbodies care of choosing X-ray observations as close as possible to the date of the near-infrared ones, crucial for most of the magnetars which show variable emission in both such energy bands. However, given the non-exact simultaneity of the Xray and near-infrared observations this luminosity comparison should be taken with the due uncertainty. In Fig. 4 (top panels) we plot the infrared and X-ray luminosities of pulsars, magnetars and the two RRATs studied in this paper, as a function of their rotational energies (see also Tab. 3). It is clear that while the rotational energy is not at all sufficient to power magnetars' and RRAT J1819-1458 X-ray emission, it might well suffice to be the reservoir for their infrared luminosity, as the radio pulsar case. However, even if powered by a similar mechanism, the efficiency of magnetars in converting rotational power in infrared luminosity, is much higher than normal radio pulsars, possibly due to their high magnetic fields (see also Mignani et al. 2007 Mignani et al. , 2009 Zane et al. 2008) . This is particularly clear in (Rea et al. , 2009b , with the aim of not overestimating the N H values, which would have spuriously produced overestimated X-ray luminosities. Pulsars detected in the near-infrared band are also observed as X-ray emitters: this is not only due to the trivial conclusion of being the closest, hence the most favorable for detecting their faint multi-band emission, but it is also an intrinsic connection. In particular, young objects as these particular pulsars, present more powerful magnetospheric emission, responsible for both the near-infrared and X-ray emission, which of course combined with their close distances, make them visible in both bands. Comparing the near infrared and X-ray luminosity of all isolated neutron stars detected in both these bands, we found an intriguing correlation (see Fig. 4 bottom-right panel): log(LX) = 7.7 ± 2.8 + (0.85 ± 0.09) × log(LNIR). This empirical fit resulted in a χ 2 = 1.3, with the magnetars having the largest spread over the model. This relation might be use to have a very rough estimate of the infrared luminosity of a known or new isolated neutron star, however, given the large errors in the distances (which have not been taken into account in the fit), this relation should be used with the due uncertainty.
In this picture, the Ks magnitude of our proposed candidate counterpart to RRAT J1819-1458 (source A) is too bright to be the counterpart of a normal radio pulsar, given its low rotational power, while it is well in line with the values observed for magnetars (see Fig. 4 top and bottomleft panels). This would represent only one among a series of other properties which connects this RRAT to the magnetar class, as its inferred dipolar B field (5×10 13 Gauss), its bright X-ray emission with respect to other RRATs (McLaughlin et al. 2007; Rea & McLaughlin 2008; Kaplan et al. 2009 ), as well as the presence of a diffuse X-ray nebula proposed to be powered by the magnetic energy (Rea et al. 2009a ).
CONCLUSION
Near-infrared observations of RRAT J1819-1458 and RRAT J1317-5759 resulted in a possible candidate counterpart for the former (Ks = 20.96 ± 0.10), while no infrared counterpart was detected for the latter (within the limiting magnitudes reported in Tab. 1). However, the proposed counterpart to RRAT J1819-1458 needs further confirmation due to the relatively high chance coincidence probability. Studying the near-infrared and X-ray luminosities of all isolated neutron stars detected in the Ks-band, with respect to other characteristics such as the rotational luminosity and the magnetic field, we show that the rotational energy may well be the resevoir of the magnetars and RRAT J1819-1458 infrared emission. However, in this picture the efficiency of converting rotational energy in near-infrared luminosity should be necessarily higher for highly magnetic sources. . We wish to thank the ESO staff for the support during these observations, M. Gilllon who made available the deconvolution code DECPHOT, and the anonymous referee for his/her suggestions which improved this paper. NR is supported by a Ramon y Cajal Research Fellowship, and thanks R. Mignani for useful discussion, and E. Keane for his comments on the manuscript. MAM is supported by a WV EPSCoR grant, and a SAO guest investigator grant, and B.M.G. acknowledges the support of the Australian Research Council through grant FF0561298.
